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Renal ischemia/reperfusion leads to macrophage-mediated in- Acute renal failure (ARF) is associated with an unac-
crease in pulmonary vascular permeability. ceptably high morbidity and mortality, particularly in the
Background. Despite the advent of dialysis, survival with intensive care setting [1]. Despite the advent of dialysis,
acute renal failure when associated with multiorgan failure is
there has been no change in the outcome of patientspoor. The development of lung injury after shock or visceral
with ARF in the last 30 years. Currently, the leadingischemia has been shown; however, the effects of isolated renal
causes of death are sepsis, cardiorespiratory failure, andischemia/reperfusion injury (IRI) on the lungs are unclear. We
hypothesized that isolated renal IRI could alter pulmonary withdrawal of dialysis. In a series of 42,773 patients un-
vascular permeability (PVP) and that macrophages could be dergoing cardiac surgery, of which 470 developed ARF,
important mediators in this response. ARF was an independent risk factor for death. However,
Methods. Rats (N 5 5 per group) underwent renal ischemia
much of the increased risk actually derived from nonre-for 30 minutes, followed by reperfusion. Lung vascular perme-
nal complications [2]. Lung injury in multiorgan failureability was evaluated by quantitation of Evans blue dye extrava-
is characterized by progressive pulmonary capillary leak,sation from vascular space to lung parenchyma at 1, 24, 48, or 96
hours after reperfusion. Serum was collected for blood urea decreased ventilatory compliance, impaired gas ex-
nitrogen and creatinine at each time point. To examine the change, and subsequent adult respiratory distress syn-
role of the macrophage, the macrophage pacifant CNI-1493, drome (ARDS) [3]. Lung injury has been associated
which inhibits the release of macrophage-derived inflammatory with ischemia/reperfusion injury (IRI) to skeletal muscleproducts, was administered in a blinded fashion during renal IRI.
[4–6] and visceral organs [7–12]. Circulating leukocytesResults. PVP was significantly (P , 0.05) increased at 24
and cytokines have been implicated in the pathogenesishours and peaked at 48 hours after IRI compared with shams
as well as baseline levels. PVP after IRI became similar to of lung injury following distant organ IRI [6, 13–16].
shams after 96 hours. This correlated with increases in blood Kidney IRI is frequently associated with ARDS in the
urea nitrogen and creatinine at similar time points. At 48 hours, multiorgan failure syndrome [16], but it is not known if
CNI-1493 significantly abrogated the increase in PVP com- the renal IRI directly leads to or facilitates lung injury.
pared with IRI alone. However, CNI-1493 did not alter the
Recently, renal IRI has been associated with the up-course of the acute renal failure. Pulmonary histology demon-
regulation of pulmonary adhesion molecules and neu-strated interstitial edema, alveolar hemorrhage, and red blood
trophil trapping in a murine model of renal IRI (abstract;cell sludging after renal IRI, which was partially attenuated by
CNI-1493. Boydstun et al, J Am Soc Nephrol 8:584, 1997). How-
Conclusions. Increased PVP develops after isolated renal ever, the effects of renal IRI on pulmonary vascular
IRI, and macrophage-derived products are mediators in this permeability (PVP), a major determinant of ARDS, are
response. These findings have implications for understanding unknown. We hypothesized that renal IRI would leadthe mechanisms underlying respiratory dysfunction associated
to a deleterious increase in PVP. We tested this hypoth-with acute renal failure.
esis in an established rat model of renal IRI [17]. In
this study, we found that renal IRI leads to increased
PVP postischemia in a time-dependent fashion, with pro-Key words: pulmonary vascular injury, remote organ injury, macro-
phage, dialysis, acute renal failure, multiorgan failure, cardiorespira- nounced histological changes in the lung. To begin to
tory failure, adult respiratory distress syndrome. explore the mechanisms underlying this clinically impor-
tant observation, we tested the hypothesis that macro-Received for publication August 6, 1998
phages mediate this increased permeability. Using a mac-and in revised form January 5, 1999
Accepted for publication January 12, 1999 rophage pacifant, CNI-1493, we significantly reduced the
lung permeability change after renal IRI. 1999 by the International Society of Nephrology
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METHODS Macrophage pacification
To explore the role of the macrophage and its productsRenal ischemia/reperfusion model
in pulmonary vascular injury after renal IRI, a group ofThe model of renal IRI employed has been described
rats (N 5 6) was prospectively randomized to receivein detail in the past [17]. Briefly, laboratory-acclimated
saline or intraperitoneal CNI-1493 (N,N9-bis[3,5-diace-rats (N 5 30) weighing 250 to 300 g were intraperitone-
tylphenyl] decanediamide tetrakis [amidinohydrazone]ally anesthetized with pentobarbital sodium (40 mg/kg).
tetrahydrochloride; a generous gift of Dr. Kevin J. Tracy,
The abdomen was shaved and prepped with Betadine North Shore University, Manhassett, NY, USA). CNI-
solution, and sterile drapes were applied. Animals were 1493 is an established inhibitor of macrophage activation.
then placed on a heating pad to maintain a constant It inhibits cytokine-inducible arginine uptake and is an
temperature (378C) and were monitored with a rectal inhibitor of the p38 mitogen-activated protein kinase
thermometer. A midline abdominal incision was made, signal transduction pathway in macrophages. This leads
and the kidneys were exposed. The renal pedicles were to a post-transcriptional inhibition of inflammatory cyto-
bluntly dissected, and bilateral renal ischemia was in- kines such as interleukin (IL)-1, tumor necrosis factor
duced by placement of nontraumatic vascular clamps (TNF), and IL-6 production, but not of anti-inflamma-
(Roboz Surgical Instruments, Washington, D.C., USA) tory cytokines such as IL-10 and transforming growth
across the renal pedicles for 30 minutes. After the factor-b (TGF-b) [19–21]. The CNI-1493 was given at a
clamps were released, the incision was closed in two dose of 1 mg/kg i.p. two hours before the induction of
layers with 2-0 sutures. Sham animals underwent anes- ischemia/reperfusion and again 24 hours after reperfu-
sion. This dosing was determined by previous studiesthesia, laparotomy, and renal pedicle dissection only.
that have demonstrated the effectiveness in attenuatingThe animals received 100 ml/kg warm saline instilled
inflammation in rodent models [21]. CNI-1493 has a re-into the peritoneal cavity during the procedure and were
versible effect. Thus, for studies in excess of 12 hours,then allowed to recover with ad libitum access to food
additional doses are needed to maximize inhibition [22].and water. At 1, 24, 48, or 96 hours after ischemia, the
Preliminary results from our labs showed no additiveanimals were reanesthetized. Blood was collected for
protection, however, if dosing occurred more frequentlymeasurement of creatinine and blood urea nitrogen
than once per day. CNI-1493 is selective for macrophages(BUN; 550 Express Autoanalyzer; Ciba Corning, Ober-
and unlikely to affect T cells [23].lin, OH, USA), and rats underwent quantitation of pul-
monary vascular injury. Tissue preparation
Lung tissue was obtained for hematoxylin and eosinMeasurement of pulmonary vascular injury
sections to evaluate the effects of IRI on lung histology.
Pulmonary vascular injury was assessed by quantitat- Animals were sacrificed and then exsanguinated to re-
ing extravasation of Evans blue dye into lung paren- duce excess blood in the vasculature. The trachea was
chyma [18]. Briefly, the rats underwent anesthesia with tied with 3-0 silk and divided, and both lungs were dis-
intraperitoneal pentobarbitol (40 mg/kg) at 0, 24, 48, sected free from the chest. A 30 gauge needle was placed
or 96 hours after reperfusion. The groin was dissected, in the trachea, and 5 ml of 10% formalin was instilled
exposing the femoral vein, and Evans blue dye (30 mg/ in each lung to achieve inflation ex vivo. The lungs were
kg; Sigma Biosciences, St. Louis, MO, USA) was injected then placed in 10% formalin, embedded, and then
intravenously and allowed to circulate for 30 minutes. stained with hematoxylin and eosin.
Following this, the thorax was opened in the midline,
Statistical methodsand the pulmonary artery was cannulated with a 22
Results are expressed as mean 6 sem. Statistical analy-gauge angiocath (Terumo, Elkton, MD, USA). An inci-
sis employed using the Epistat statistical program (Epi-sion was made in the left atrium to allow for drainage of
stat Services, Richardson, TX, USA) applying the un-the pulmonary vascular effluent. The pulmonary vascular
paired two-tailed Students t-test, with a P of less thanbed was then flushed with 30 ml of Krebs solution to
0.05 considered significant.clear any remaining pulmonary intravascular blood. The
lungs were then removed, placed in 4 ml of formamide,
and then homogenized. This homogenate was then incu- RESULTS
bated for 16 hours at 378C. Following incubation, the The rats undergoing renal IRI demonstrated a signifi-
homogenate was centrifuged for 10 minutes at 3900 g. cant increase in PVP (P , 0.05) compared with sham-
The supernatant was then removed and subjected to operated animals at 24 hours, and it peaked at 48 hours
spectrophotometric analysis (Bausch and Lomb Spec- after reperfusion. However, this difference was not noted
tronic 1001; Rochester, NY, USA) for Evans blue dye at 1 hour or 96 hours after reperfusion (Fig. 1). Rats
receiving CNI-1493 displayed significant protection fromoptical density at a wavelength of 620 nm.
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Fig. 2. Pulmonary vascular permeability (PVP) 48 hours after renalFig. 1. Pulmonary vascular permeability (PVP) as quantitated by Ev-
ischemia/reperfusion injury (IRI) in rats pretreated with the macro-ans blue dye spectrophotometric analysis. Symbols are: (j) sham opera-
phage pacifant CNI-1493 or saline vehicle. Pretreatment with CNI-1493tion; ( ) ischemia/reperfusion injury (IRI). PVP was assessed at 1, 24,
significantly reduced PVP after renal IRI (P , 0.05, Student’s t-test).48, and 96 hours after IRI. Rats undergoing renal IRI had a significant
increase in PVP at 24 and 48 hours after IRI compared with sham-
operated rats (P , 0.05, Student’s t-test).
Fig. 3. Serum creatinine and blood urea nitrogen (BUN) at 1, 24, 48, and 96 hours after renal ischemia/reperfusion injury (IRI). Symbols are:
(,) renal IRI; (d) sham operated. Increases in serum creatinine and BUN paralleled the development of PVP and were statistically increased
over sham-operated animals at 24 and 48 hours (P , 0.05, Student’s t-test).
pulmonary vascular injury (P , 0.05; Fig. 2). To confirm rats subject to renal IRI had a marked increase in red
blood cells in the interstitium with accompanying edema,that the rats undergoing renal IRI had a sublethal renal
injury consistent with acute tubular necrosis, BUN and with many alveolar spaces demonstrating hemorrhage,
and sludging of red blood cells in the microvasculature.serum creatinines were measured. Rats had a significant
increase in BUN and serum creatinine levels (Fig. 3), The CNI-1493–treated animals also demonstrated inter-
stitial edema, but without intra-alveolar hemorrhage.which improved by 96 hours postischemia. Lung sections
were obtained from each group, fixed in formalin, and Macrophages have been demonstrated to infiltrate into
postischemic kidney in this model (abstract; Liu et al,stained with hematoxylin and eosin (Fig. 4). Lungs from
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J Am Soc Nephrol 7:1829, 1996) and are potential media- plicated [26–28], and studies in lung injury after the in-
tors of the kidney injury. However, CNI-1493 treatment duction of pancreatitis demonstrate that pulmonary vas-
did not confer renal protection from IRI, and renal func- cular injury is mediated, at least in part, by macrophages
tions (BUN/serum creatinine levels were 103 6 17/3.3 6 [22]. There is evidence to suggest that type II alveolar
0.6 mg/dl at 24 hr and 83 6 24/1.8 6 0.5 mg/dl at 48 hr, epithelial cells are the target cells of macrophage-derived
N 5 5 each) were not different (P . 0.05) from saline- inflammatory mediators [29]. Additional studies have
treated IRI rats. shown that the respiratory burst of activated neutrophils
and enhanced neutrophil sequestration in the lungs con-
tributes the development of pulmonary vascular endo-DISCUSSION
thelial damage [30–32]. Treatment with antioxidants has
This study represents the first in vivo demonstration, to shown attenuation of lung injury [33]. Nitric oxide has
our knowledge, that isolated renal ischemia/reperfusion been shown to play a role in modulating IRI and may
induces a time-dependent increase in PVP. We also dem- mediate lung changes as well [34]. Remote effects of
onstrate, using an established macrophage inhibitor, that reperfusion injury have also been attributed to comple-
macrophage-derived products are major mediators of ment activation [35] and arachidonate derivatives, in-
the increased PVP.
cluding thromboxane and leukotriene B4 [36]. Thus, in
Dialysis has not changed the mortality rates in ARF,
finding an increased PVP after renal IRI, one or morebut has changed the causes of death from fluid and elec-
of the above pathways may be involved. This backgroundtrolyte imbalance and accumulation of uremic toxins to
formed the theoretical basis for our next series of experi-sepsis and cardiorespiratory failure [1]. Despite these
ments examining the basis for the lung PVP after renalfrustrating outcomes, little is known about the relation-
IRI.ships of ARF and cardiorespiratory failure. The under-
To begin to investigate the potential mechanisms thatstanding of the interrelationships between failing organs
led to the renal IRI-induced increase in PVP, we hypoth-will hopefully lead to improved therapies. We therefore
esized that macrophages and their products could havesought to establish whether renal IRI leads to increased
a pathogenic role. We tested our hypothesis by usingPVP, a major basis for ARDS. We found that PVP in-
a new, but increasingly well-characterized macrophagecreases at 24 and 48 hours after renal ischemia. We
“pacifying” agent, CNI-1493. CNI-1493 is known to in-measured PVP using the quantitation of Evans blue dye
hibit post-transcriptional modification of proinflamma-extravasation from the pulmonary vasculature. Nor-
tory cytokines, including IL-1, IL-6, TNF, and nitric ox-mally, Evans blue dye, which binds to albumin, is rela-
ide [19–21]. This appears to be macrophage-specific andtively retained in the circulation [18]. Changes in the
spares other leukocytes, such as T cells [23]. We foundpulmonary microvasculature, which allow for albumin
that in the rats that received CNI-1493, the developmentleakage, subsequently led to extravasation of dye. The
of pulmonary injury was significantly attenuated. Thisdevelopment of lung injury occurred approximately 24
protection from lung injury suggests that macrophage-hours after ischemia at the peak of serum creatinine and
derived inflammatory mediators are essential for the de-serum BUN levels. It should be noted, however, that
velopment of reperfusion-induced pulmonary injuryEvans blue dye accumulation within the lungs represents
after renal ischemia. However, there may be many yetthe summation of the rate of ingress and the rate of
unrecognized effects of CNI-1493, including the regula-egress. Thus, obstruction of egress (for example, lym-
tion of macrophage adhesion and other nonmacrophagephatic obstruction) could theoretically affect the levels;
processes that we cannot rule out. Despite the protectivehowever, in the current model, this is unlikely.
effects of CNI-1493 on PVP after IRI, CNI-1493 had noPulmonary vascular injury is a common and morbid
significant effect on the course of renal IRI when as-event that develops in a diverse cross-section of patients
sessed by serum creatinine levels. Thus, it is unlikelyin the acute care setting. It is seen after insults as varied
that the protection in lung injury by CNI-1493 was aas multisystem trauma, sepsis, and after major vascular
consequence of improved renal function.surgery, and is characterized by progressive pulmonary
In addition to impairment of PVP in ARDS, it is alsofailure secondary to hypoxemia, decreased lung compli-
likely that abnormal clearance of salt and water in theance, pulmonary hypertension, and edema, which are
lung occurs. In the setting of ARF, fluid accumulationassociated with increased PVP [3, 24, 25]. Initially, the
in the lung is felt to be due to an increase in hemodynamicpathogenesis of ARDS was thought to be based mostly
pressure secondary to the inability of the kidney to excreteon mechanical and physiological factors. More recent
salt and water. However, recent observations demonstratestudies have begun to explore the cellular and molecular
that renal IRI leads to a sharp down-regulation of sodiummechanisms of pulmonary injury after insults remote
channel and aquaporin-5, both of which could contributefrom the lungs. Macrophage-derived proinflammatory
cytokines, including TNF, IL-1, and IL-6, have been im- to lung fluid retention (Rabb and Soleimani, manuscript
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Fig. 4. Pulmonary histology 24 hours after renal ischemia/reperfusion injury (IRI). Sham-operated rats had a paucity of interstitial red blood cells
or edema at 24 hours viewed at low (320; A) or high (340; B) power. Renal IRI resulted in marked pulmonary vascular congestion with red
blood cells and focal intra-alveolar hemorrhage (C). Renal IRI also led to interstitial edema, but no hyaline membranes (D). Treatment of rats
undergoing renal IRI with CNI-1493 led to a marked decrease in hemorrhage (E); however, an accumulation of interstitial red blood cells and
increased edema was still prominent (F). Publication of this figure in color was assisted by educational grants from Merck and Co., Inc., and Astra
Pharmaceuticals.
in preparation). Macrophage products could be directing findings may underlie what has been called the “uremic
lung.” Further studies are required to elucidate factorsthese maladaptive transcriptional events [29].
These data are the first demonstration of a direct link released from postischemic kidney that result in this
change, characterizing the inflammatory and mechanicalbetween renal IRI and PVP and demonstrate a potential
immunological mechanism through macrophages. Our changes in the lungs that accompany renal IRI, and de-
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CD11b blockade prevents lung injury despite neutrophil primingvelopment of therapies that can modulate these re-
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